Joint immobilization, which is used in orthopaedic treatments and observed in bedridden people, usually causes restricted joint motion. Decreased joint motion diminishes activities of daily living and increases burden of nursing-care. The purpose of this study was to clarify the reversibility of immobilization-induced capsular changes and restricted joint motion in rat knee joints. The unilateral knee joints of adult male rats were immobilized with an internal fixator for 1, 2, 4, 8, and 16 weeks as a model of immobilization after surgery or disuse of the joint. After the fixation devices were removed, the rats were allowed to move freely for 16 weeks. Sham-operated rats were used as controls. Sagittal sections at medial midcondylar regions were made and assessed with histological, histomorphometric, and immunohistochemical methods. Joint motion was measured using a custom-made device under x-ray control after removal of the periarticular muscles. In the 1/16-week and 2/16-week immobilization-remobilization (Im-Rm) groups, cord-like structures connecting the superior and inferior portions of the posterior capsule (partial adhesion) were observed without restricted joint motion. In the 4/16-, 8/16-, and 16/16-week Im-Rm groups, global adhesion of the posterior capsule and restricted joint motion were observed. The restricted joint motion was not completely restored after incision of the posterior capsule. These data indicate that immobilization alone causes irreversible capsular changes and arthrogenic restricted joint motion. Besides the joint capsule, other arthrogenic factors such as ligaments might influence the restricted joint motion. Prolonged immobilization over 4 weeks should be avoided to prevent irreversible joint contracture.
Joint immobilization is frequently used in the treatment of musculoskeletal disorders for pain relief and to decrease inflammation, but it also causes unfavorable outcomes such as joint contracture (Akeson et al. 1987) . Joint contracture is defined as a limitation in the active and passive range of motion on the affected joints, and it causes permanent impairment and disability to the affected patients (Trudel et al. 2003) . The factors responsible for joint contracture are mainly divided into the muscles (myogenic) and the periarticular structures (arthrogenic) (Evans et al. 1960; Enneking and Horowitz 1972; . Recent studies indicated that the arthrogenic factors, especially the joint capsule, played an important role in the progression of limited range of motion after immobilization Moriyama et al. 2006; Lee et al. 2010) . We revealed in the previous report that the arthrogenic limitation occurred after a 4-week immobilization in a rat immobilized knee model and the restricted motion was restored after incision of the capsule, which indicated that the joint capsule was one of the most responsible factors of limited range of motion after immobilization (Chimoto et al. 2007) .
The joint capsule is composed of two distinct layers: an external dense fibrous layer of the capsule and internal thin synovial membrane (Roy and Ghadially 1967) . Though the importance of the joint capsule to the pathogenesis of the joint contracture is well accepted, the underlying changes within the joint capsule are not fully understood. Adhesions and shortening of the synovial membrane, atrophy and fibrosis of the capsule are known as structural changes Moriyama et al. 2007 ), whereas decreased glycosaminoglycans and water content, and possibly accumulation of advanced glycation endproducts such as pentosidine are known as biochemical changes (Akeson et al. 1977; Amiel et al. 1985; Lee et al. 2010) . We reported in our previous study that immobilization of rat knee joints induced focal adhesion of the capsule to the opposing capsule and the underlying articular cartilage even at 2 weeks, and global adhesion of the capsule to the opposing capsule and obliteration of the joint space by loose connective tissues after 4 weeks of immobilization . These focal and global adhesions of the capsule caused not only a shortening of the synovial membrane but also a mechanical obstacle to the joint motion.
An inflammatory or a fibrotic process is proposed for the etiology of joint contracture (Neviaser 1945) . The major structural collagens of the capsule are type I and III collagens (Kleftogiannis et al. 1994) and they are associated with tissue fibrosis (Matsumoto et al. 2002) . Some researchers reported high levels of type I collagen and low levels of type III collagen in immobilized joints like ours (Matsumoto et al. 2002) . Others reported neither type I nor type III collagen changed in immobilized knee joints induced by spinal cord injury in immunohistochemical and biochemical studies (Moriyama et al. 2007 ). In our previous study, despite the decreased expression levels of type I and III collagen mRNAs as judged by PCR, the protein levels of type I and III collagens remained unchanged after immobilization by immunohistochemistry and western blotting .
Reversibility of the articular cartilage after immobilization is well described in literature (Finsterbush and Friedman 1975; Palmoski et al. 1979; Behrens et al. 1989; Jurvelin et al. 1989; Schollmeier et al. 1996; Haapala et al. 1999; Ando et al. 2011) . However, there were only a few studies that investigated the reversibility of the joint capsule (van Harreveld et al. 2002; Hildebrand et al. 2004; Trudel et al. 2008) . Some investigators believed that immobilization alone did not cause a permanent contracture and the trauma or inflammation within the joint was essential to induce an irreversible restriction of the joint motion (Schollmeier et al. 1996; Hildebrand et al. 2004) . Other conflicting data suggested that the restricted joint motion induced by immobilization alone was permanent after discontinuation of immobilization, or even after discontinuation and extended exercises (Cronan 1986; van Harreveld et al. 2002; Trudel et al. 2008 ). It appears that duration and method of immobilization and remobilization affect the final outcome of the joint motion. Trudel et al. (2008) reported the reversibility of the joint contracture after 4 weeks of remobilization in immobilized knees for 8 weeks in a rat model and concluded that the contracture induced by joint immobilization alone was irreversible after remobilization. However, 4 weeks of remobilization was thought to be insufficient to clarify the reversibility of the joint motion in clinical situations, because in case of patients with joint contracture, it takes more than 4 weeks of rehabilitation to acquire sufficient joint motion. Therefore, we set 16 weeks as the duration of remobilization. The purpose of this study was to clarify the reversibility of immobilization-induced capsular changes and restricted joint motion in rat knee joints. We applied histological, histomorphometric, and immunohistochemical techniques to localize the changes. Furthermore, we measured the joint angle under x-ray control after incision of the periarticular muscles of the joint, which allowed us to provide more accurate information about the arthrogenic restriction of the joint motion.
Materials and Methods

Experimental design and surgical procedure
Skeletally mature Sprague-Dawley male rats aged 12 weeks were used (CLEA Japan Inc., Tokyo, Japan). Institutional Animal Research Committee approval of Tohoku University was obtained prior to the animal experiments. Eighty and sixty-four rats were prepared for histology and joint angle measurement, respectively. Under anesthesia with intra-peritoneal administration of sodium pentobarbital (50 mg/kg), the unilateral knee joints of the rats were rigidly immobilized at 150 degrees flexion with a plastic plate and two metal screws for 1, 2, 4, 8, and 16 weeks (n = 8/each period) according to a previously described method (Hagiwara et al. 2006; Hagiwara et al. 2010) . Sham-operated rats had metal screws in the femur and the tibia, but the plate was not inserted. Buprenorphine (0.05 mg/kg) was injected subcutaneously for postoperative analgesia. After the experimental periods, a second anesthetic was administered to remove the plastic plate and metal screws of the immobilized rats and screws of the sham-operated rats, and the rats were allowed to move freely for 16 weeks (Ando et al. 2011) . The immobilized and sham-operated rats made up the immobilized-remobilized (Im-Rm) group and the control group, respectively. Because limitation in the range of motion was almost accomplished at 8-weeks of immobilization in our previous study (Chimoto et al. 2007 ), we set 1, 2, 4, and 8 weeks for joint angle measurement. Histological changes and joint angle measurement after immobilization alone were described in our previous reports (Chimoto et al. 2007; Ando et al. 2010 ); therefore, they were not included in this study.
Tissue preparation
After the remobilization period, the rats were euthanized with an overdose of sodium pentobarbital injection and fixed with 4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS) by perfusion through the ascending aorta. The knee joints were manually flexed at 150 degrees and kept in the position during the fixation. The resected knee joints were kept in the same fixative for 24 hours and decalcified in 10% ethylenediaminetetraacetic acid in 0.01 M PBS for 2 months at 4°C. The decalcified specimens were then embedded in paraffin. Five-μm sections were obtained at the medial midcondylar region of the knee in the sagittal plane.
Histology and histomorphometry
The histological examination was carried out with sections stained by Elastica-Masson. Morphological changes of the capsule were observed in the anterior and posterior capsule. The length of the anterior and posterior synovial membrane divided by the anterior or posterior meniscus, which was called the antero-superior, antero-inferior, postero-superior, and postero-inferior length, was separately measured using a previously reported method Ando et al. 2010) . In brief, the lengths were measured from the femoral synoviocartilage junctions to the upper meniscus and from the lower meniscus to the tibial synoviocartilage junctions in the anterior and posterior capsule. In the case of adhesions between the upper synovial membrane and the lower synovial membrane, the length of the residual joint space was also included in the total length. If synoviocytes were not observed on the surface of the joint space, it was not included in the total length. Light microscopic images were captured (DMLB 100 HC light microscope; LEICA, Wetzlar, Germany) and the synovial membrane length was measured blindly by another observer using free image analysis software (Image J 1.44, Bethesda, MD).
Immunohistochemistry
The immunohistochemical studies followed protocols established in our laboratory Hagiwara et al. 2010) . Synovial membrane contains macrophage-like cells (type A synoviocytes) and fibroblast-like cells (type B synoviocytes). CD68 was used as a marker of macrophages and type A synoviocytes (Damoiseaux et al. 1994; Ando et al. 2010) . Deparaffinized sections were predigested with 0.1% trypsin (WAKO Chemicals, Tokyo, Japan) in 0.01 M PBS for 30 minutes at 37°C for CD 68 as an unmasking procedure. After the inhibition of endogenous peroxidase with 1.5% H 2 O 2 in distilled water for 15 minutes, nonspecific binding was eliminated with 10% normal goat serum (Nichirei, Tokyo, Japan) for 30 minutes at room temperature. The sections were then incubated with mouse anti-rat CD68 monoclonal antibody (MCA341R, Serotec, Oxford, U.K., dilution 1:100), rabbit anti-rat type I collagen polyclonal antibody (LB-1102, LSL, Tokyo, Japan, dilution 1:800), or rabbit anti-rat type III collagen polyclonal antibody (LB-1393, LSL, dilution 1:800) for 24 hours at 4°C. The secondary antibody, horseradish peroxidase conjugated goat anti-mouse or goat anti-rabbit immunoglobulin (Nichirei) was applied for 1 hour at room temperature. The final detection step was carried out using 3,3′-diaminobenzidine tetrahydrochloride (Sigma, St. Louis, MO) in 0.1 M imidazole and 0.03% H 2 O 2 as the chromogen for 10 minutes. Counterstaining was made with Carazzi's hematoxylin. A negative control was performed using normal mouse or rabbit IgG (Dako, Copenhagen, Denmark) as a primary antibody. All slides were stained in one session.
Joint angle measurements
After injection of an overdose of sodium pentobarbital, the hind limb of the rats was resected and periarticular skins and muscles were removed with special care not to break arthrogenic components. The angle between the longitudinal axis of the femur and the tibia was measured using a custom-made device under x-ray control (Chimoto et al. 2007 ). The joint angles in extension were measured at two torque values: 225 g-cm (Torque 1) and 450 g-cm (Torque 2). In order to evaluate the influence of the posterior capsule and the other arthrogenic components, the angle was measured again at torque 2 and torque 3 (1,350 g-cm) after incision of the posterior capsule. The posterior capsule was released from the femoral condyle with special care not to break cruciate and collateral ligaments (Chimoto et al. 2007) . The x-ray pictures were scanned and the joint angle was measured with the aid of free image analysis software (Image J 1.44).
Statistical analysis
All data were expressed as mean ± standard deviation. Differences between the Im-Rm and control groups were compared at each time point by unpaired t-test. Significance was set at p < 0.05.
Results
Histological changes of the capsule
The overall appearance of the posterior capsule in the control groups and Im-Rm groups was shown in Fig. 1 . In the control groups, deeply folded joint capsule, posterosuperior and postero-inferior synovial folds were observed and the apparent differences among the groups were not found (Fig. 1A-E) . Cord-like structures were observed between the upper capsule and the lower capsule, and between the postero-superior synovial fold and the opposing capsule in the 1/16-week and 2/16-week Im-Rm groups ( Fig. 1F and G) . In the 4/16-week and 8/16-week Im-Rm groups, the capsule adhered to the opposing capsule and femoral articular cartilage, and the residual joint space was obliterated by loose connective tissues and hardly visible ( Fig. 1H and I ). In the 16/16-week Im-Rm group, the folded capsule was totally disorganized and the joint space was not observed (Fig. 1J) .
The posterior joint capsule, postero-superior synovial fold, antero-superior synovial fold, and antero-inferior synovial fold in the control and the Im-Rm groups at high power field were shown in Fig. 2 . In the control groups, the capsule was covered with a few layers of the lining synoviocytes ( Fig. 2A, D, F, and H) . The joint space between the capsule and the articular cartilage, the capsule and the meniscus was maintained in each area. Cord-like structure was observed between the upper and the lower capsule in the 2/16-week Im-Rm group, where the lining cells were observed (Fig. 2B ). In the 8/16-week Im-Rm group, the joint space between the upper and the lower capsule was obliterated by loose connective tissues and the lining cells were not observed (Fig. 2C) . The postero-superior synovial fold adhered to the opposing articular cartilage and the meniscus in the 8/16-week Im-Rm group (Fig. 2E) . In the antero-superior and antero-inferior synovial fold, the adhered connective tissue was observed on the surface of the articular cartilage, and the synovial cleft between the capsule and the meniscus was obliterated (Fig. 2G and I) .
Length of the synovial membrane
The length of the antero-superior, antero-inferior, postero-superior, and postero-inferior synovial membrane was shown in Fig. 3 . There were no statistical differences in the antero-superior synovial membrane length between the Im-Rm and control groups (Fig. 3A) . The length of the antero-inferior synovial membrane in the 4/16-, 8/16-, and 16/16-week Im-Rm groups was significantly shorter compared with that in the corresponding control groups (Fig.  3B) . The length of the postero-superior synovial membrane was significantly shorter in the 2/16-, 4/16-, 8/16-, and 16/16-week Im-Rm groups compared with the corresponding control groups (Fig. 3C) . The length of the posteroinferior synovial membrane was significantly shorter in the 8/16-and 16/16-week Im-Rm groups compared with the corresponding control groups (Fig. 3D) .
Expression of type I and III collagens, and CD68 in the capsule
Expression of type I and III collagens in the posterior capsule was shown in Fig. 4 . There were no differences in immunostaining intensity of type I (Fig. 4A-C) and type III collagens (Fig. 4D-F) between the Im-Rm groups and the control groups throughout the experimental periods. Apparent differences were not observed in the staining intensity of type I and III collagens in the adhesion area of the Im-Rm groups compared with that in the overall capsule (Fig. 4) .
Distribution of CD68 positive cells (type A synoviocytes and macrophages) in the posterior folded joint capsule was shown in Fig. 5 . CD68 positive cells were located in the superficial layer of the capsule and slightly in the fibrous layer of the capsule in the control groups (Fig. 5A) . The positive cells were also observed in the fibrous layer of the capsule in the Im-Rm groups and on the surface of the cord-like structure between the upper and lower capsule in the 2/16-week Im-Rm group (Fig. 5B) . The positive cells were not observed on the surface of the capsule obliterated by the loose connective tissues in the 8/16-week Im-Rm group (Fig. 5C ). 
Joint angle measurements
The joint angle at torque 1 (225 g-cm), torque 2 (450 g-cm), torque 2 and capsulectomy, and torque 3 (1350 g-cm) and capsulectomy was shown in Fig. 6 . Significant differences were not observed between the 1/16-and 2/16-week Im-Rm groups and corresponding control groups, but they were observed in the 4/16-and 8/16-week groups at torque 1 and 2 ( Fig. 6A and B) . After incision of the posterior capsule, limitation in extension in the Im-Rm groups was restored, but there were still significant differences in the 4/16-and 8/16-week Im-Rm groups compared with that in the corresponding control groups (Fig. 6C) . The limitation between the 4/16-week Im-Rm group and the control group was restored at torque 3 but there were significant differences between the 8/16-week Im-Rm group and the corresponding control group (Fig. 6D ).
Discussion
We clarified in the present study that joint immobilization alone caused irreversible changes to the joint capsule and arthrogenic restriction of the joint motion. Histological changes were observed even in the 1/16-week Im-Rm group and significant restriction of the joint motion was observed in the 4/16-and 8/16-week Im-Rm groups. Akeson et al. (1977) reported that the contracture resulting from 9 weeks of immobilization in rabbit knee joints with a steel pin recovered rapidly after remobilization. Schollmeier et al. (1996) showed that the changes induced by 12 weeks of immobilization in dog forelegs with a shoulder spica were completely reversed after 12 weeks of remobilization. These results were inconsistent with ours, which may be explained by differences in joint immobilization techniques and animal species. We immobilized rat knee joints with a plastic plate and metal screws, which did not allow motion compared with the other methods such as casting or pinning. Even a small amount of motion may be advantageous to prevent irreversible restricted joint motion. Cord-like structures were observed in the posterior capsule in the 1/16-and 2/16-week Im-Rm groups. The structure was observed in 4 out of 8 specimens in the 1/16-week Im-Rm group, and in all specimens in the 2/16-week Im-Rm group. Evans et al. (1960) mentioned the cord-like structures as elongated adhesion formed by remobilization. We previously reported that 1-week immobilization induced hypertrophy of the synovial membrane and accumulation of cells in the subsynovial layer, and 2-week immobilization induced focal adhesion of the capsule to the opposing capsule . The focal adhesion area formed by 1-and 2-week immobilization was stretched by remobilization, which might make the cord-like structures. Arthrogenic restriction of the joint motion was not observed in the 1/16-and 2/16-week Im-Rm groups compared with that in the control groups, which indicated that the effects of the cord-like structures to the joint motion were not prominent.
Global adhesion of the posterior capsule and obliteration of the joint space was observed in the 4/16-, 8/16-, and 16/16-week Im-Rm groups and the lining synovial cells were not observed on the surface of the adhesion area. In our previous report, over 4-week of immobilization induced global adhesion of the posterior capsule ). This data indicated that once the capsule globally adhered and the lining synovial cells disappeared, restoration was not obtained even after prolonged remobilization. Adhesion of the capsule to the opposing capsule or to the articular cartilage and the meniscus was observed not only in the posterior capsule but also in the anterior capsule, which indicated that the flexed position was not the only influen- tial factors for the capsular changes. The shortening of the synovial membrane was observed in the Im-Rm groups, which indicated that once shortening of the synovial membrane had occurred, the length was not restored after remobilization. The shortening of the synovial membrane was explained by adhesion of the synovial membrane and obliteration of the synovial recesses between the synovial membrane and the articular cartilage or the meniscus (Trudel et al. 2003; Moriyama et al. 2007 ). We also reported that significant shortening of the synovial membrane occurred at 2 weeks of immobilization in the posterior capsule and at 4 weeks of immobilization in the anterior capsule due to adhesion of the capsule and obliteration of the synovial recess . The shortened synovial membrane, particularly the posterosuperior synovial membrane, might become a mechanical obstacle and restrict the joint motion. The length of the postero-superior synovial membrane in the 2/16-week Im-Rm group was significantly shorter compared with that in the corresponding control, but statistically significant restriction of the joint motion was not observed. This data suggests that a certain shortening of the synovial membrane did not have influences on the joint motion. Despite adhesion and obliteration of the synovial recess in the antero- superior synovial membrane, significant differences were not found because total length of the antero-superior synovial membrane was too long to reach a significant difference. Structural and elastic changes of the capsule also affect the joint motion as well as adhesion and shortening of the synovial membrane Hagiwara et al. 2006; Moriyama et al. 2007; Hagiwara et al. 2010; Lee et al. 2010) . In this study, immunohistochemical staining of type I and III collagens in the Im-Rm groups was similar to those in the control groups. This data indicated that the changes of the capsule after immobilization were not simply proliferation of the connective tissue as mentioned previously (Cronan et al. 1986; Matsumoto et al. 2002) . In our recent report relating the capsule of idiopathic frozen shoulders (contracture of the shoulder joints), expression of chondrogenic factors as well as inflammatory and fibrotic factors significantly increased (Hagiwara et al. 2012) . Other factors, such as abnormal cross-linking of collagens and expression of chondrogenic factors, may affect the degradation mechanism (Lee et al. 2010; Hagiwara et al. 2012) .
Arthrogenic restriction of the joint motion was observed in the 4/16-and 8/16-week Im-Rm groups (approximately 13 and 25 degrees, respectively). This data indicated that 4 weeks of immobilization in rat knee joints induced irreversible arthrogenic restricted joint motion. Unexpectedly, restricted joint motion was not fully restored after incision of the posterior capsule (approximately 8 and 5 degrees were restored, respectively). Significant restricted joint motion was observed in the 8/16-week Im-Rm group even after incision of the posterior capsule at torque 3, implying that some other arthrogenic factors contributed to the restricted joint motion. We reported that 8 weeks of immobilization induced thickening of the articular cartilage in the transitional area (the area between the contact area where the femoral and the tibial articular cartilage contacted directly, and the non-contact area) and the thickened articular cartilage was not restored after remobilization (Hagiwara et al. 2009; Ando et al. 2011) . Incongruity of the articular cartilage as well as limitation by cruciate and collateral ligaments may have possible roles in the incomplete recovery in the 8/16-week Im-Rm group (Wilson and Dahners 1988) . Effects of cruciate and collateral ligaments to the joint motion should be assessed in the future study. A limitation of this study was that effects of muscles were not assessed. Other investigators measured Fig. 6 . Joint angle measurement. Significant restricted joint motion was observed in the 4/16-and 8/16-week Im-Rm groups compared with the corresponding control groups at torques 1 and 2 (A, B). After incision of the capsule, limitation in extension in the Im-Rm groups was restored but there were still significant differences (C). At torque 3, there were significant differences between the 8/16-week Im-Rm group and corresponding control group (D). Data was expressed as mean ± standard deviation.
combined arthrogenic and myogenic restriction at first measurement, and then, arthrogenic restriction was measured after resection of the periarticular muscles Moriyama et al. 2006) . In these methods, arthrogenic structures may be damaged at the first measurement, which influenced the second measurement of the arthrogenic component (Trudel et al. 2008) . Therefore, we evaluated the arthrogenic restriction alone in this study.
Conclusion
We have shown in the present study that joint immobilization alone induces irreversible histological changes and restricted joint motion in rat knee joints. Though 1 and 2 weeks of immobilization induced irreversible histological changes to the joint capsule, it did not affect the joint motion. Four weeks of immobilization induced irreversible arthrogenic restriction of the joint motion, which indicated that immobilization over 4 weeks should be avoided to prevent irreversible joint contracture.
